We propose a new scheme of trace gas detection by the use of a Fabry-Perot cavity (FPC) and the wavelength modulation technique. Optical propagation length is enhanced using a 25 cm FPC with a finesse of $100. By applying the same modulation to both the laser and cavity frequency, we observe the first derivative signal of acetylene absorption at 1.5 m. It is found that a sample-and-hold circuit serves well for restoring the signal level, which otherwise is degraded because of the pulsation of the detected laser intensity due to a feedback loop required for scanning the laser and cavity frequency simultaneously. Compared with the signal intensity observed with a 20 cm Brewster cell, this experiment yields the improvement of signal intensity by a factor of 81.2 with an acetylene pressure of 2.6 Pa.
Introduction
The laser-spectroscopic technique has inherent advantages for the detection of trace gases involved in air pollution studies. 1, 2) In particular, diode lasers enable one to construct detection systems sufficiently small for field operations. [3] [4] [5] [6] Environmentally important gas species, such as sulfur dioxide, carbon monoxide and nitrogen dioxide, have absorption bands in the wavelength range of 1-10 m. Detection of trace gases would be easier at the longer parts of this wavelength region, since fundamental vibration bands are located there. In reality, however, the wavelength of diode lasers operated at room temperature is limited to the near-infrared spectral region of shorter than 2 m. This means that weaker absorption lines of combination bands or overtone bands have to be detected.
In order to attain sensitivity, increasing the absorption signal while at the same time reducing the detection noise is required. Longer path lengths are essential for the former requirement, and multipass cells are often employed for this purpose. The effectiveness of a multipass cell, however, is usually limited by etalon fringes due to spurious reflections among optical elements. 5, 6) Various methods have been studied to minimize such fringe effects. 6) An alternative way to enhance the optical path length is to employ a FabryPerot cavity (FPC) composed of high-reflectivity mirrors, leading to improvement of the signal-to-noise ratio (SNR). [7] [8] [9] [10] Usually FPCs are employed for trace gas detection using the following two approaches. The first approach is the cavity ring down technique, in which the transient response of a high-finesse cavity is exploited. 7, 8) The ring down scheme, however, is not necessarily suitable for field operations, because of the difficulty in maintaining superior reflectivity and very precise optical alignment. The other approach is a steady-state method, 9, 10) in which simple enhancement of the effective optical path length is undertaken, and the peak intensity of one of the cavity modes is detected while a trace amount of absorbing gas is introduced into the cell.
The reduction in the background noise is usually accomplished using the frequency modulation technique. Either low-frequency modulation or high-frequency modulation is employed for that purpose. When the modulation frequency ( mod ) is much less than the molecular absorption width (Á abs ), the technique is referred to as wavelength modulation spectroscopy (WMS). [11] [12] [13] [14] When mod ) Á abs , on the other hand, the scheme is categorized as frequency modulation spectroscopy (FMS) (this terminology is used in a narrow sense, since in a broader perspective, WMS also relies on frequency modulation). FMS is characterized by the use of FM sideband techniques. Since the molecular absorption width is of the order of 1 GHz at the near-infrared region, implementation of FMS requires fast detectors, the apertures of which tend to be small, as well as highfrequency-modulation elements such as electro-optic modulators operated using high-voltage circuits. Compared with FMS, WMS can be performed with relatively inexpensive and larger detectors: no additional modulator is necessary since the laser frequency can usually be modulated with ease at lower frequencies, of the order of kHz. Thus, in general, WMS is considered to be more suitable for environmental applications than FMS.
It is obvious that the combination of a FPC and the modulation technique may potentially lead to trace gas detection with a better SNR. In the regime of FMS, this was accomplished as the noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) method, 15) in which the laser frequency was modulated at the same frequency as the cavity free spectral range. This method, however, is not free from the shortcomings of FMS as mentioned above, with additional complications related to mode matching of the laser beam to a high-finesse FPC. In this paper we present the WMS version of the combination of a FPC and the modulation technique for trace gas detection. As in the case of our previous, steady-state experiment, 10) we make use of a cavity with a moderate finesse of about 100. This low finesse eliminates the problem of mode matching, and is also favorable for rendering the system more robust against external disturbances. Figure 1 shows a schematic of the experimental setup. An external cavity diode laser (EOSI, model 2010), operating in the wavelength range of 1530-1570 nm, is used as a light source. Under given values of diode temperature and current, the laser system allows mode-hop-free tuning within a frequency range of 30 GHz by moving the end mirror mounted on a piezoelectric transducer (PZT). Hereafter we refer to this as laser PZT.
Experiment
A 25-cm-long confocal FPC, placed in a stainless-steel vacuum chamber, is equipped with a pair of end mirrors of 97% reflectivity. Thus we have a free spectral range of 300 MHz with a finesse of about 100. The chamber can be evacuated with a turbomolecular pump, and is connected to a gas supply system. In the present experiment, we use the
to study the cavity-enhanced absorption. The pressure of acetylene gas (supplied from a gas cylinder; purity 97.5%) is measured with a capacitance manometer (Ulvac, CCMT-10).
The cavity-mode frequency is tuned by a PZT (Piezomechanik, HPSt1000) attached to one of the end mirrors. The tuning range of the mode frequency is 6 GHz, which is sufficient for recording the full spectrum of an acetylene transition with a full-width at half maximum (FWHM) of 470 MHz. The collimated output beam from the laser enters an optical isolator (Isowave, isolation 67 dB) to reduce the optical feedback from other optical components. The beam then passes through a polarized beam splitter (PBS), a focusing lens, and a quarter-wave plate before it is introduced into the cavity. Although rough mode matching is attained by the focusing lens, the introduction of the laser beam to the cavity is not very critical (owing to the moderate finesse of the cavity). Behind the cavity, an InGaAs PIN photodiode detector (Hamamatsu, G5832-01) (PD1) detects the transmitted light. Part of the laser intensity is reflected from the cavity, the polarization of which is rotated by 90 , further reflected by the PBS, and detected by another PIN photodiode detector (PD2).
Using the phase-sensitive detection signal of PD2 as an error signal, a feedback loop is established for stabilizing the laser frequency to one of the cavity modes. For this feedback system, sinusoidal modulation ( f FB ¼ 2:1 kHz) is applied to the laser PZT; the error signal is obtained from the reflection (i.e., transmission) characteristics of the cavity, and the demodulated signal of a lock-in amplifier (NF, LI-575) (LIA2) is integrated and fed back to the laser. Another sine wave ( f mod ¼ 0:6 kHz) is applied to both the laser PZT and cavity PZT for the purpose of wavelength modulation. A DA converter controlled by a personal computer (PC) generates both of the modulation waves. The PC adjusts the amplitude and phase of one of the modulation waves ( f mod ) in order to eliminate the difference between the modulation characteristics of the two PZTs.
The signal from PD1 contains two different frequency components (i.e., f FB and f mod ). A sample-and-hold (SH) circuit is used to extract the modulated absorption signal before phase-sensitive detection. As explained later, this preprocessing of the signal greatly contributes to improving the signal quality. After passing the SH circuit, the signal is demodulated by another lock-in amplifier (SRS, SR-830) (LIA1) followed by an AD converter for recording the signal. A DC ramp signal is applied to the cavity PZT to attain the frequency scan. Because of the frequency locking, the laser frequency automatically follows this cavity scan, while both the cavity and laser frequencies are modulated at f mod . When acetylene gas is introduced into the FPC, the molecular signal is obtained in the first derivative form by the phase-sensitive detection at this modulation frequency. Since the same modulation is applied to the cavity mode and laser frequencies, hereafter we term this method laser and external-cavity synchronous modulation spectroscopy (LESMS). For the purpose of comparing the LESMS results with those obtained by the conventional WMS, a 20-cm-long Brewster cell is used under the same conditions of modulation and gas pressure.
Theory

Optical length enhancement by FPC
In the Fabry-Perot configuration, the intensity transmission is calculated in a straightforward manner. At the peak of one of the cavity modes, the result is given by 17) TðÞ
where T and R denote the transmission and reflection coefficients of the two identical mirrors, ðÞ is the absorption coefficient of the molecular transition, l is the cavity length, and is the frequency of the cavity mode peak. The effective absorption length, l eff , is defined by means of the ratio of eq. (1) to the same equation with ¼ 0:
Here ¼ ðÞ. By taking a logarithm, we obtain
The maximum value of l eff is obtained by setting the limit of ! 0; hence we have 
LESMS system
In this system, two modulations ( f mod and f FB ) are applied to the laser, and one modulation ( f mod ) is applied to the cavity. Thus, the instantaneous laser frequency is given by 
Here, Lc and Fc are the center frequencies of the laser and cavity, respectively, and Á mod and Á FB are the maximum frequency deviations. The time response of the transmitted signal is given by
When the laser and cavity center frequencies are equal, we obtain
where Á FP represents the half-width at half maximum of the cavity mode, and TðtÞ is given by
The right-hand side of this equation can be calculated from eqs.
(1) and (6) . After passing through the SH circuit, the signal is given by I SH ðtÞ ' I 0 Tð FP ðtÞÞ: ð10Þ
Results and Discussion
Acetylene detection by LESMS
In the present experiment, the laser and cavity wavelengths are tuned to the P(16) transition of the 1 þ 3 band of C 2 H 2 at 1534.74 nm. As reported previously, 10) the use of the present FPC leads to a path-length enhancement of a factor of $40.
In the scheme of LESMS, we apply the same f mod =0.6 kHz modulation to both the laser and cavity PZTs. Figure 2(a) shows an absorption signal at 2.6 Pa obtained by LESMS. For comparison, Fig. 2(b) depicts a signal observed using a 20 cm Brewster cell (single modulation) with the same modulation frequency, modulation depth, and gas pressure as in the case of Fig. 2(a) . Each signal of these two schemes is normalized by the light intensity (detector voltage) measured without the modulation and gas absorption. Compared with the single modulation detection, it is found that the signal of LESMS is enhanced by a factor of 81.2 at an acetylene pressure of 2.6 Pa under optimized conditions.
Remarkable etalon fringes are superimposed on the baseline of Fig. 2(b) ; experimentally, it has been confirmed that the fringes in this case are caused by the reflection between the laser and the isolator. The tilt of the baseline is caused by the power variation of the external cavity diode laser. In contrast, in Fig. 2(a) fringes and baseline tilt are much less conspicuous, since the absorption signal itself is enhanced by use of the cavity. This is an obvious advantage of the LESMS method over the conventional single-pass detection.
Below, we describe the details of the optimization of the modulation frequencies, the role of the SH circuit, and the SNR of the LESMS method.
Optimal relationship between f mod and f FB
In the LESMS, we apply the modulation to both the laser and cavity PZTs, whereas the laser frequency is kept locked to one of the cavity modes. Figure 3 illustrates a schematic diagram of Fourier components that would be included in the detected signal (before SH). Since two modulations are applied simultaneously, not only f mod and f FB but also several sidebands appear at both the high-frequency and lowfrequency sides of f FB . Even when the SH circuit is used, the modulation for the locking process ( f FB ) affects the signal detection at f mod . This influence can be minimized with an optimal choice of f mod and f FB . If we set a condition of f FB À nf mod 6 ¼ f mod ðn ¼ 0; 1; 2; Á Á Á Þ, the lower sidebands do not overlap with the signal at f mod . For this reason, we have chosen frequencies of 0.6 kHz and 2.1 kHz for f mod and f FB , respectively. wavelength modulation detection using a 20 cm Brewster cell. The laser frequency is scanned across the 1 þ 3 P(16) transition of C 2 H 2 . Each signal is normalized to the light intensity measured without the modulation and gas absorption. Figure 4 (a) shows a signal detected by PD1. This waveform can be explained by eq. (8) and is a result of multiplying two independent waveforms. One waveform is the periodic spikes with a frequency of f FB . These sharp spikes are needed to attain the frequency scanning that will cover the frequency range of an acetylene absorption line. With regard to eq. (5), the value of Á FB should be sufficiently larger than the width of cavity modes (3 MHz) and comparable to the step size of the frequency scanning. In the case of Fig. 4 , Á FB is about 50 MHz.
Restoring the signal level with a SH circuit
The other waveform appearing in Fig. 4(a) is the modulated absorption signal with a frequency of f mod . This figure corresponds to a case in which the laser frequency Lc is at the slope of the molecular absorption line. Thus the modulation appears as the sinusoidal change in the peak heights in Fig. 4(a) . In the lock-in detection procedure, the demodulated amplitude is a product of the DC component (in the Fourier analysis) from the cavity mode signal and the net amplitude of the absorption signal (broken line). Since the cavity mode spikes are sharp, this DC component is much smaller than the spike height. This leads to the small amplitude of the first derivative signal of the molecular absorption line when the SH circuit is not employed.
Restoration of the signal level is achieved via the use of the SH circuit. The result is illustrated in Fig. 4(b) , where the absorption signal is composed of lines instead of peak points as in Fig. 4(a) . The signal level is restored by a factor of 20 compared with the case without the SH circuit. It is worth noting that there remains some difference between the original sinusoidal envelope in Fig. 4(a) and the restored waveform in Fig. 4(b) . A diode circuit is used to detect the signal peak, and the SH circuit is triggered just after each signal peak with a delay of about 3 s. Although this time lag is quite short, the sharp feature of the spikes makes the peak-hold operation imperfect (sharp spikes in Fig. 4(b) are an example of this fact). Although for better ''sampling'' a larger value of f FB would be beneficial, the response of the laser PZT sets a limit of about 2.5 kHz.
SNR improvement by LESMS
Here we study the improvement of SNR by the LESMS. In Fig. 5 , we compare the SNRs of the LESMS and the single wavelength modulation as a function of acetylene pressure. It is seen that by using LESMS, the SNR is improved by a factor of about 10 when a time constant of 1 s is employed. When measured with a time constant of 300 ms, the improvement factor is reduced to 6. In the single path detection, the SNR is mainly determined by the spurious etalon fringes, with little improvement of SNR as the time constant is increased. Conversely, in the case of LESMS, the noise originates from the feedback process. This indicates that the noise is basically random, and can be reduced by increasing the time constant. From a practical point of view, however, a time constant of $1 s is an optimal value considering the trade-off between the stability of the entire system (laser frequency, gas pressure, etc.) and the SNR. The present measurement was conducted with acetylene pressure of more than 0.5 Pa, limited by the capacitance manometer. At 0.8 Pa, the absorption optical depth is 4:9Â 10 À4 , with an effective path length of l eff ¼ 16:28 m as calculated from eq. (3). This value is fairly close to the value of l ðmaxÞ eff ¼ 16:41 m for the weak absorption limit obtained from eq. (4) . Extrapolating the SNR curve (time constant 1 s) of Fig. 5 , the sensitivity limit of the present LESMS is estimated to be about 0.13 Pa, corresponding to an optical depth of 8:0 Â 10 À5 . As previously mentioned, a ''deep'' feedback modulation (with large Á FB ) is required when the laser frequency is scanned across the full spectrum of an absorption line. When the measurement is carried out only for the peak of absorption, in contrast, scanning is no longer necessary, and a ''shallow'' feedback modulation will suffice. This may lead to the improvement of the SNR under the scheme of the LESMS.
Conclusions
We have obtained a first derivative signal of acetylene using the combination of FPC enhancement and wavelength modulation technique. It is emphasized that as far as the absorption pass is concerned, the LESMS method is free from the etalon fringe effect which hinders highly sensitive detection using conventional multipass cells. The LESMS method can be a useful tool to detect trace gases in fieldoriented applications.
